INTRODUCTION
The usage of pesticides is inevitable in contemporary agriculture and increases due to demands of more efficient food production of constantly growing world population (Marín-Benito et al., 2016) . However, in spite to beneficial effect on crop yield, significant concern has been raised regarding pesticide adverse effects toward humans and other nontarget organisms (Maalej et al., 2007; Mostafalou and Abdollahi, 2013; De Brito Rodrigues et al., 2017) , as well as their retention in soil and water ecosystems (Macneale et al., 2010; Ouyang et al., 2017) . To address these issues while simultaneously aiming to provide sustainable food supply, a relatively novel approach to contemporary food production known as "green agriculture" is being increasingly more put in practice (Hjeresen and Gonzales, 2002; EU, 2007) . Such sustainable agricultural approach comprises development and implementation of new plant protection active substances with more pronounced selectivity and lower non-target toxicity which qualifies them as environmentally friendlier in comparison to conventional substances (EU, 2009; Beddington, 2010; Casida, 2012) . Design of "green pesticides" is based on the structure of naturally occurring substances synthesized by plants to protect them against pests. However, these novel generations of pesticides such as pyrethroids and neonicotinoids are still able to exhibit adverse effects on animals and humans (Cengiz et al., 2017; Cimino et al., 2017) .
Genetic material of higher organisms has been determined as one of the mostly susceptible macromolecular complexes targeted by toxic effect of pesticides. Perseverance of its integrity is crucial for normal cell physiology and nonmalignancy. Thus, one of the goals of the sustainable agriculture is design and use of substances that will be as genotoxically inert as possible (Bolognesi, 2003) . Susceptibility of genome to damage is at the highest level during the process of DNA replication and chromosome segregation. In the metaphase of mitosis, chromosomes align along the metaphase plate before their sister chromatids are being segregated and pulled to the opposite poles by mitotic spindle. To allow this process, proper attachment of kinetochores to spindle microtubules is essential, and this is monitored by the spindle assembly checkpoint (Santaguida and Amon, 2015; Hinchcliffe et al., 2016) . In this checkpoint, progression of cell cycle into anaphase is inhibited by a series of protein complexes (Mad1, Mad2, Cdc20, BubR1, Bub3) which bind unoccupied kinetochores and then act as anaphase-promoting complex/cyclosome (APC/C) inhibitors until all microtubules have been attached (Fang and Zhang, 2012) . Impairment of this checkpoint, microtubule attachment anomalies or defects in microtubule assembly lead to chromosome nondisjunction in anaphase (Holland and Cleveland, 2012) . Chromosomes may lag and become trapped in the cleavage furrow during cytokinesis (Santaguida and Amon, 2015) or membranebound, forming micronucleus (MN) after despiralization and decondensation (Russo et al., 2015) . As a result, one of the daughter cells becomes deficient in the lagged chromosome, while the other one exhibits triploidy status for the particular chromosome. Although chromosome nondisjunction occurs spontaneously and increases with age (Shi et al., 2000; Song et al., 2009) , chemicals that interfere with chromosome segregation machinery can significantly elevate its incidence (Sinott et al., 2014; Testi et al., 2016) . Generally, elevated occurrence of chromosome nondisjunction may give rise to genomic instability (Cho et al., 2015) , a notable example of which is aneuploidy which is a feature of many tumours (Hinchcliffe et al., 2016) and one of the hallmarks of cancer (Lee, 2014; Santaguida and Amon, 2015) . Thus, it has been postulated that exposure to potentially aneugenic chemicals in low concentrations can provoke carcinogenesis (Bolt et al., 2004) .
The cytokinesis-block MN assay has become a preferred method for genotoxicity testing in cultured mammalian cells due to its high sensitivity in detection of both, clastogens and aneugens, as well as substantial correlation of its endpoints with risk of cancer (Fenech and Crott, 2002) . As a beneficiary to recent insights into visual manifestation of abnormalities in genome integrity during the last decade MN assay has evolved into "cytome assay" (Fenech, 2006) . The assay enables to detect additional genomic endpoints such as nucleoplasmic bridges (NPB) formed by fused chromosomes (Fenech and Crott, 2002 ) and nuclear buds (NB) as areas of extensive DNA amplification localized to the nuclear periphery or extensive repair of DNA damage (Lindberg et al., 2007) . Also, assessing the ratio of mono-, bi-, tri-and tetranucleated cells provides an estimate of effect on cell proliferation velocity (Norppa and Falck, 2003; OECD, 2014a) .
In the present study, we have tested three insecticides; chlorpyrifos, an organophosphorous compound in usage for a long time in conventional agriculture, α-cypermethrin, a synthetic pyrethroid, and imidacloprid, a neonicotinoid as two "green substances". We have tested the active substance in vitro on human peripheral blood lymphocytes. Human peripheral blood lymphocytes were exposed to each of the insecticides at low concentrations level that are relevant for real-scenario exposure according to relevant regulative authorities. Genotoxicity of insecticides was determined by cytokinesis-block MN assay and nondisjunction and aneuploidy were analysed by fluorescence in situ hybridization (FISH) technique for chromosomes 18, 9, X and Y. Chromosome 18 was chosen as the one affected by genotoxic activity of xenogenic compounds, chromosome 9 as the one hosting the JAK2 gene as most frequently damaged in non-Hodgkin lymphomas known to be triggered by pesticide exposure (Hu et al., 2017; Taylor et al., 2017) , and sex chromosomes as standard measures of abnormalities in chromosome nondisjunction and aneuploidy occurrence.
MATERIALS AND METHODS

Blood Sampling
The present study was performed on lymphocytes obtained from blood of a young, healthy nonsmoking individual without prior exposure to any of the substances present. The donor was acquainted with purpose of the study and gave an informed consent. Variability in endpoint parameters between distinct lymphocytes increases with the rate of damage resulting in an abbreviated distribution curve of the final values, other than Gauss'. It is due to intercellular differences in susceptibility to the genotoxic effect. Such deviation leads to high variability in genotoxic response and the cytome assay. We analysed low concentrations of pesticides which are not likely to induce any genotoxic events at a larger scale. These small genotoxic effects could be easily overlooked due to large variability in endpoint values between individual cells. Thus, to minimize the variability of the results, the single donor approach was chosen. The single donor approach was also applied in other studies, for instance, in a study by Collins et al. (2004 ), Ferk et al. (2011 ), Gandhi et al. (2015 , García et al. (2004) and Zeljezic et al. (2016) . The OECD (Organization for Economic Cooperation and Development) testing guidelines TG 487 and TG 473 (OECD, 2014a, b) for in vitro testing also suggest that the lymphocytes to be treated may originate from a single donor. Blood was drawn from antecubital vein into heparinized vacutainers.
Cultures Treatment
The treatment of blood with selected insecticides was performed according to the official OECD protocol (OECD, 2014a) . 1 mL of peripheral blood was introduced into 1 mL of Gibco's RPMI 1640 medium without fetal bovine serum or mitogen, and this mixture was treated with Environmental and Molecular Mutagenesis. DOI 10.1002/em α-cypermethrin, imidacloprid, and chlorpyrifos (Sigma, St. Louis, MO) as pure active substances.
Prior to the treatment, all substances were dissolved and diluted in dimethyl sulfoxide (DMSO) and pressed through Millex bacteriological filter (Millipore, Bedford, MA). All substances were applied to the final concentrations based on acceptable daily intake (ADI), residual exposure level (REL), occupational exposure level (OEL) and 4th concentration which was chosen as referent concentration common to all tested substances. The values were adapted from United States Environmental Protection Agency (USEPA) (2011) for chlorpyrifos, European Comission (2004) for α-cypermethrin, and European Comission (2008) for imidacloprid, by multiplying the dose expressed in mg/kg b.w. with mass of an average person and divided by extracellular liquid volume. Treatment concentrations are presented in Table I . Negative control was treated with Roswell Park Memorial Institute (RPMI) medium. Every treatment was performed in duplicate.
Blood was incubated for 24 h at 37 C, 5% CO 2 , followed by centrifugation and supernatant removal. Pellet was rinsed twice with 1 mL of fresh RPMI 1640 medium. Finally, supernatant was removed and the pellet containing white blood cells and erythrocytes was used to start the culture for MN assay.
Cell Culture
The remaining blood cells were then cultured according to the standard cytokinesis-block MN assay procedure (OECD, 2014a) . Briefly, 1 mL of blood cells was added to the 6 mL RPMI 1640 cell culture medium supplemented with 1% v/v (100 IU/ml) streptomycin/penicillin solution (Sigma, Steinheim, Germany), 1 mL of fetal bovine serum (ThermoFisher Scientific, Waltham, MA) and 0,1 mL of phytohemagglutinin (Remel, Dartford, UK) previously dissolved in RPMI 1640 medium. The whole blood cultures were incubated at 37 C, 5% CO 2. 44 h after the start of incubation, cytochalasin B (Sigma, Steinheim, Germany) in RPMI 1640 medium was added to the cell cultures at the final concentration of 6 μg/ mL. Incubation was stopped at 72 h, when cells were centrifuged and rinsed in saline buffer. Centrifugation and supernatant removal were repeated, followed by successive repeated steps of fixation with a mixture of methanol/acetic acid (3:1 v/v). Following final centrifugation and supernatant removal, suspension of lymphocytes was dropped onto microscopic slides and air-dried.
Cytokinesis-block MN (cytome) Assay
Air dried preparations were stained with 5% Giemsa (Sigma, Steinheim, Germany) solution for 10 minutes. Slides were analyzed under 1000x magnification by Olympus CX41 microscope. For each treatment, 2000 binucleated lymphocytes were scored for the presence of MN, NPB and NB. Cytokinesis-blocked proliferation index (CBPI) was determined by scoring 1,000 mono-, bi-, tri-, and tetra-nuclear lymphocytes per treatment. The CBPI was determined using a standard formula: 
FISH Analysis of Nondisjunction and Aneuploidy
To determine the rate of nondisjunction and aneuploidy occurrence for chromosomes 18, 9, X and Y MN slides were hybridized with α-satellite, pancentromeric directly labeled probes (Cytocell, UK). For the analysis of autosomes, separate probes for chromosomes 18 (FITC -green) and 9 (Texas red -red) were simultaneously applied to the slide and for chromosomes X (FITC -green) and Y (Texas red -red) were applied to the second slide. Denaturation, hybridization and posthybridization procedures were done according to manufacturer's recommendations. Slides were counterstained with 20 μL of DAPI-Antifade (Life technologiesEugene, OR).
Analysis of FiSH signals was carried out on Olympus AX70 epifluorescent microscope (Olympus, Tokyo, Japan), under 1,000x magnification. A total of 1,000 binucleated cells were scored per slide for number and distribution of green and red signals of 9, 18, X and Y chromosome centromeres by Cytovision 3.0 software (Applied Imaging, Hampshire, UK).
Results of FISH analysis were grouped as follows: Chromosome loss: one nucleus of binucleated lymphocyte is bearing less than two (for autosomes) or one (for sex chromosomes) signals, while other nucleus is exhibiting expected or similarly diminished number of signals for diploid cell.
Chromosome gain: one nucleus in binucleated lymphocyte is exhibiting more than two (for autosomes) or one (for sex chromosomes) signals, while other nucleus is bearing similarly more than or equal to normal expected number of signals for diploid cell.
Chromosome loss+gain: one of the daughter nuclei in binucleated lymphocyte is bearing less than two (for autosomes) or one (for sex chromosomes) signals, while the other nucleus is exhibiting more signals than expected in diploid cell. Total number of signals for particular chromosome thus does not equal to the one expected for tetraploid cell (two diploid nuclei of binucleated lymphocyte).
Chromosome missegregation: the total number of signals per binucleated cell is as expected for tetraploid cell (two diploid nuclei), but signals are unequally distributed between daughter nuclei. A schematic representation of example numerical chromosomal imbalances is shown in Fig. 1 .
Statistical Analysis
Data were analyzed using the Statistica 10.0 package (StatSoft, Tulsa, OK). Values obtained for the endpoints of cytokinesis-block MN cytome assay (MN, NB, NPB, CBPI) per each treatment were processed by χ 2 test for independent samples to asses significance of difference towards negative controls. For FISH analysis, only the lowest and highest insecticide concentration per each case (chromosome loss, gain, loss+gain and missegregation) were similarly compared to negative control. The level of statistical significance was set atP < 0,05. 
RESULTS
Results of the cytokinesis-blocked MN assay are presented in Tables II-IV, for chlorpyrifos, imidacloprid, and α-cypermethrin, respectively. None of the insecticides applied has shown significant effect on the induction of secondary DNA damage in the terms of aberrant chromatin structures as MN, NB, and NPB. There are no significant differences in CBPI either, suggesting the lack of cell-cycle impairment or clastogenic activity. Tables V-VII, for chlorpyrifos, imidacloprid, and α-cypermethrin, respectively. α-Cypermethrin has shown significant effect on aneuploidy induction in the lower concentration by increasing the incidence of chromosome loss. In case of chromosomes 9 and Y, this was evident at both concentrations. Chromosome 9 also showed elevated missegregation at higher concentration. Chromosome loss for chromosomes 18 and X was significant only at higher and lower concentration, respectively. Imidacloprid had achieved a significant effect on chromosome loss enhancement in both concentrations for all tested chromosomes. This effect was in almost all cases higher than for α-cypermethrin (for instance, 18 vs 15 percent as maximum value).
Results of the FISH analysis are shown in
Chlorpyrifos exerted the greatest elevating effect on chromosome loss and missegregation in all applied concentrations on all tested chromosomes, accompanied by reduction in chromosome gain.
A selection of fluorescent micrographs from FISH analysis is presented in Figure 2 .
DISCUSSION
Concerns about safety of insecticides have fueled the refinement of existing agricultural practices. In light of this fact lies, the need for testing both conventional and novel insecticides for their effects on nontarget organisms. However, to this date, only several studies aimed to examine genotoxicity of insecticides at low doses which are relevant for realistic scenarios of exposure. Therefore, we treated whole blood cultures with the conventional insecticide chlorpyrifos, and two pesticides derived from naturally occuring substances α-cypermethrin and imidacloprid. We applied at concentrations equivalent to acceptable levels of exposure for residential population and occupationally exposed subjects. Exposure lasted for 24 h and was followed by in vitro cytokinesis-block MN assay coupled with FISH to assess the effect on accuracy of segregation of chromosomes in anaphase.
Chlorpyrifos is a representative of the organophosphate group of insecticides, which is the conventional insecticide with the widespread and long-time histoty of use (Rahman et al., 2002) . As shown in Table II , we detected no significant induction of secondary DNA damage in terms of MN, NB, and NPB induction or changes in cell proliferation measured as CBPI. Previous study exposing the human peripheral blood lymphocytes for 30 minutes to higher concentrations compared to these we applied demonstrated a dose-dependent induction of primary DNA damage assessed by comet assay (Vindas et al., 2004) . Ability of induction of primary DNA damage was also demonstrated in human spermatozoan cells (SalazarArredondo et al., 2008) again, at the concentrations higher than the dose tested in the present study. The third study further confirmed ability of chlorpyrifos to induce primary DNA damage and chromosome aberrations (CA) in lymphocytes isolated from healthy individuals following 2 h exposure in the range form 0,18 to 1,40 μg/mL, which corresponds to the concentrations tested in our study (Sultana Shaik et al., 2016) . Freshwater organisms such as zebrafish (Wang et al., 2014) , fish Channa punctatus (Bloch) (Ali et al., 2009 ) and molluscs (JanakiDevi et al., 2013) have been used to evaluate genotoxicity of chlorpyrifos in vivo. All three studies showed increase in MN 2,000 binucleated lymphocytes were scored per 24-hour α-cypermethrin treatment or negative control. To determine cytokinesis-blocked proliferation index (CBPI) 1,000 lymphocytes was analyzed.
Environmental and Molecular Mutagenesis. DOI 10.1002/em induction. The authors suggest that the observed genotoxic effect is mediated by generation of oxidative stress determined by decrease in AChE and GPx activities and increase in activities of SOD and CAT. This results are in alignment with the study reported by Ojha and Srivastava (2014) who found significant oxidative DNA damage by FpG and EndoIII-modified comet assay in chlorpyrifos treated Wistar rats. DNA damage and MN formation was significant in rat lymphocytes after 7 and 14-day oral exposure at dose 12 mg/kg b.w., and more pronouced in male than female rats (Sandhu et al., 2013) . Subcutaneous one-week application of chlorpyrifos at dose 10 mg/kg b.w. induced DNA damage in rats (Muller et al., 2014) . Rahman et al. (2002) assesed genotoxicity of chlorpyrifos by comet assay in mice leukocytes at doses 0.28 to 8.96 mg/kg b.w. and found dose-dependent comet formation at 24-h and 48-h exposure, which decreased with extended exposure times up to 96 h owing to DNA damage repair. Numerous studies have tested commercial formulations of chlorpyrifos on rats (Ezzi et al., 2016) , mice (Chauhan et al., 2016) , silkworms (Kalita et al., 2016) and fish (Ismail et al., 2014; Vera-Candioti et al., 2014) , reporting the positive genotoxic effects. Even the occupational exposure to mixtures of insecticides including chlorpyrifos formulations has been associated with observed MN induction (Omari, 2011; Singh et al., 2011) . However, insecticide formulations are known to have stronger overall effect compared to the pure active ingredient due to content of excipients such as solvents, spreaders, penetrants, antifoams, dispersing agents, emulsifiers, etc. They may act enhancing the effect of active ingredient in a synergistic or additive manner. The lack of the increase in MN, NB, and NPB in the present study compared to cited ones is strongly concentration related. In the present study, we treated human lymphocytes at concentration leveles that correspond to realistic exposure scenarios.
In the light of sustainable agriculture one of the aims is to minimize the use of conventional active substances by replacing them with naturally derived, more selective active Statistically significant compared to the negative control * P < 0.05; ** P < 0.01 Environmental and Molecular Mutagenesis. DOI 10.1002/em substances with reduced non-target toxicity, such as pyrethroids (Coats, 1990) and neonicotinoids (Simon-Delso et al., 2015) . Imidacloprid, which we tested in the present study as the representative insecticide used in green farming belongs to neonicotinoid group of insecticides, and acts as agonist of insect nicotinic acetylcholine (nACh) receptor (Tomizawa and Casida, 2003) . Table III shows that in our research the imidacloprid has not induced significant secondary DNA damage in terms of MN, NPB, and NB or affect proliferation in terms of CBPI. These results are in alignment with those published by Demsia et al. (2007) . The authors reported no significant MN induction at concentration range 0.1-100 μg/mL, which corresponds to concentrations tested in our study. In the study by Feng et al. (2005) , two concentrations were tested, both of them (0.05 and 0.1 μg/mL) being in the range of concentrations used in tretment in the present study. There was an increase in MN frequency but only at the highest concentration. However, their treatment was twice longer than the one we had applied. In addition, the same study found significant induction of primary damage to DNA by comet assay for both concentrations following 1 h of exposure. It may be suggested that primary damage induced at the lower concentration was efficiently repaired resulting in the absence of micronuclei. The third study, exceeding the highest concentration tested in the present experiment (5 μg/mL) resulted in significant DNA damage as detected by comet assay, as well as in MN induction at 24-h exposure following only by 24-h phytohaemagglutinin (PHA) stimulation (Costa et al., 2009) . Discrepancies in cultures setting and treatment procedures between the published studies themselves and between them and the present study tend to make direct comparisons of the results more complicated. Thus, it may be suggested that under certain conditions of testing that include longer exposure and higher dosage imidacloprid is capable of inducing secondary DNA damage. In vivo studies in different model organisms have found genotoxic effects at higher doses compared to those reflecting realistic scenarios. Induction of MN and CA were observed in imidacloprid treated mice by Bagri et al. (2016) , Kataria et al. (2016) and Zang et al. (2000) . An extremely high dose of 170 mg/kg b.w. used in the study of Arslan et al. (2016) induced significant elevation of frequency of CA and MN in bone marrow of SpragueDawley rats at 12-and 24-h exposure. Finally, Stivaktakis et al. (2016) found significant, but not dose or timedependent MN induction in lymphocytes of rabbits. α-cypermethrin is a pyrethroid insecticide which binds to insect voltage-dependent sodium channel, causing neurotoxicity (Smith and Soderlund, 1998) . Table IV presents results of MN assay used in the present study to assess the potential of α-cypermethrin to induce any type of chromatin anomalities such as MN, NB, and NPB. We showed that at low, realistic scenario relevant concentrations no significant aneugenic effect was detected. Unlike for previous two active substances, reports regarding toxic effects on nontarget species are scarce. According to our knowledge, no scientific study evaluating genotoxic potential of α-cypermethrin has been published yet. Thus, our results represent an added value to understanding adverse effects of that substance on human cells' genetic material.
By coupling MN assay with fluorescence in situ hybridization, we aimed to assess whether the insecticides may interfere with microtubules or any other structure crucial for accurate chromosome disjunction. This would affect their segregation in anaphase and lead to unequal distribution of chromosomes in the daughter cells. We decided to monitor segregation and ploidy status by hybridizing FITC or TexasRed directly labeled alphoid pancentromeric probes for chromosomes 9, 18, X and Y. Chromosome 9 has been chosen because it bears JAK2 gene, which heterozigosity is lost in Hodgkin and non-Hodgkin lymphomas, neoplasias that are significantly associated to occupational exposure to pesticides (Mostafalou and Abdollahi, 2017) . Chromosome 18 is the one bearing the genes involved in metabolic transformation processess, among others, pesticide metabolizing processess and because of its association with live birth aneuploidies (Rosa et al., 2013) . Chromosomes X and Y, aneuploidy of which is strongly age related are commonly accepted as referent chromosomes in studying missegregation (Radwan et al., 2015) . Since the subject of the present study are low concentrations of insecticides that do not differ on high grade each from the other, we have monitored missegregation in negative controls and at minimum and maximum concentration of all chlorpyrifos, imidacloprid, and α-cypermethrin. All insecticides have shown significant effect on induction of chromosome loss in daughter cells at both concentrations tested (Tables V-VII) . Exceptionally, for chlorpyrifos, the effect was observed on frequency of chromosome gain either (Table V) . To our knowledge, this is the first study to detect potential chromosome segregation irregularities in relation to insecticide exposure considering realistic exposure equivalent concentrations of active substances of concern.
Changes in chromosome number lead to imbalances in stoichiometry of components of multiprotein complexes, since genes encoding these components do not show altered expression (Santaguida and Amon, 2015) . Excess proteins then form aggregates, and the cell responds by increasing protein degradation pathways such as proteasome and autophagy. This state is termed the proteotoxic stress, and it places metabolic burden upon the cell. Another important cellular consequence of aneuploidy is activation of p53 (Thompson and Compton, 2010; Fang and Zhang, 2012) and induced cell cycle delay, and this has been proposed to contribute, along with the proteotoxic stress to proliferation defects noted in yeast and mammalian cells. However, in the course of present study, we detected no cell cycle delay, as evident from CBPI values Environmental and Molecular Mutagenesis. DOI 10.1002/em in Tables 2-4. It might seem that changes in copy number for genes present on chromosomes X, Y, 9 and 18 are insufficient to drive proliferation delay in peripheral blood lymphocytes, especially if there might as well be no appreciable burden on protein quality control pathways.
The presence of aneuploidy in cancer has been well recognized (Lee, 2014; Cho et al., 2015; Hinchcliffe et al., 2016) . It can be one of enhancers of progression of carcinogenesis, also being a marker for certain types of malignances in their clonal state. But aneuploidy also arises as the concequence of hypermutable state in later stages of carcinogenesis when clonal characteristics are lost (Gordon et al., 2012; Fang and Zhang, 2012) .
Considering spontaneus frequencies of chromosome losses that we observed in negative controls, when calculated as frequency of chromosome loss (9-1.0%, 18-2.1%, X -0.1%, Y -1.2) correspond to referent literature data (9-1.8%, 18-2.7%, X -2.3, Y -1.8%). The same may be concluded for frequency of chromosome gains: (obtained 9-0.7%, 18-0,2%) vs. referent (9-0.5%, 18-0.6%) (Aboalela, 2010; Jackson-Cook, 2011) . As it was detected in the present study, pesticide treatment may lead to significant increase in loss of heterozigosity. The effects of pesticide treatment on ploidy (threefold to 10-fold increase in chromosome losses) have been reported by other authors (; Raimondi et al., 1989; Kayani et al., 2009 ). Study of Raimondi et al. (1989) reports 10-fold increase in the loss of the chromosome 9 after exposure of human peripheral blood lymphocytes to benomyl, a benzimidazole derivative. Such significant effect on gonosome frequency in individuals exposed to imidacloprid has been reported by Radwan et al. (2015) .
Spontaneous chromosome missegregation rates in primary and nontransformed tissue culture cell lines are usually very low; approximately 0.025% per chromosome (Santaguida and Amon, 2015) . On the contrary, spontaneous rates of chromosome losses prevail over chromosome missegregation and chromosome gains (Brown et al., 1983; Nowinski et al., 1990) . This was clearly observed in the present study as reported in Tables V-VII. This observation indicates that acquired aneuploidy may be induced by a hinder of cell division mechanism rather than a nondisjunctional event which would reuslt in MN formation (JacksonCook, 2011) . Pioneer studies of chromosome loss in cultured lymphocytes indicated that susceptibility to loss is nonrandom. In respect to that, sex chromosomes are most susceptible, with incidence of X loss of heterozigosity in females and Y loss of heterozigosity in males rising with age (Jacobs et al., 1960; Jacobs et al., 1963; Galloway and Buckton, 1978; Weng et al., 2016) . There is a basic hypothesis that states that a loss of a smaller or heterochromatin-rich chromosome with less actively transcribed genes is more frequently missegregated since huger parts of heterochromatin between homologs may result in asynchrony in replication, which may contribute to misalignment and malsegregation. The changes in conformation of chromatin due to hyper/hypomethylation in pericentromeric region may also increase in the frequencies of somatic pairing which may influence the ability of the chromosomes to attach to mitotic spindle, reulting in increase in missegregation, which is especially the case for chromosome 9 (Jackson-Cook, 2011). Nevertheless, the above presented theory of chromosome malsegregation and aneuploidy induction would result in the increased MN formation (Jackson-Cook, 2011) which was not the case in our study. Thus, presented results should be considered in regards to other theory of aneuploidy occurence.
Nevertheless, in the present research, we did not observe correlation between the extent of heterochromatic regions or chromosome size and los of heterozigosity or missegregation. Jackson-Cook (2011) thus states that regardless of chromosome constitution, aneuploidy of chromosome 18 is rather frequent. Compared to other studies indicating X and Y chromosomes to be mostly affected by aneugenic mechanisms these theories are in alignment in chromosome loss, gain and malsegregation between gonosomes and chromosome 18. Further, the author debates that heterochromatin content together with the size of chromosome have minimal effect on the rate of their change in number in the cell or mitigate disjunction via epigenetic effects rather than only heterochromatin content. Either way, the effects of the genes involving spindle checkpoints, centrosome duplication and formation of centrioles, chromatid cohesion, and chromatin organization are of the significance in specific chromosome missegregation as the source of aneuploidy (Eichenlaub-Ritter et al., 2010) . The size-associated frequency of missegregation was not universally observed (Wojda et al., 2006) and was not reported in significant number of studies assessing acquired aneuploidy frequencies using FISH methodology (Jackson-Cook, 2011). Higher frequency of chromosome loss and missegregation, beside gonosomes, were reported for both autosomes that we have encountered in our study (Leach et al., 2004; Aboalela, 2010) . Such an observation is in alignment with the results of missegregation and aneuploidy of autosomes 9 and 18 being in the range of ploidy status and missegregation of gonosomes. Nevertheless, all these mechanisms would lead to increased micronucleation of chromosomes of concern and their expulsion from the cell. However, in the present study, frequency of ploidy change and chromosome missegregation would be accompained with the increase of MN frequency through which chromosomes are expulsed from the cell. Such an endpoint was not observed in the present study. There is a proof that increase in the chromosome missegregation and aneuploidy are lacking the micronucleation. The mechanism involved in this process is cohesin in specifically centromere enrichment around the centromeres, which facilitates sister chromatid biorientation (Sagi et al., 2017) . Such somatic pairing associated with hypomethylation is also dected as the increase Environmental and Molecular Mutagenesis. DOI 10.1002/em of aneuploidy for heterochromatin-rich chromosomes reflecting its tendency to merge in the daughter nuclei instead of leading to a true loss (Jackson-Cook, 2011) . Other authors recognised the effect of missegregation and aneuploidy forming independent from micronucleation of the chromosome of the concern either (Sagi et al., 2017) . Usually, sister chromatid cohesion (SCC) is essential for accurate chromatid segregation by tethering newly replicated sister chromatids until mitosis (Sagi et al., 2017) . The centromere enrichment of cohesin forces sister chromatid biorientation before mitosis. Assuring proper chromatid segregation, and the prevention of aneuploidy. Interference of a substance with cohesin would lead to missegregation increased frequency, and affect the ploidy of cell without forming the MN. Such an effect was observed in the present research for all three insecticides tested. Nevertheless, our findings correspond to those published in earlier studies concluding that chromosome nondisjunction analysis is a more sensitive method than MN analysis for detecting the presence or absence of a chromosome (Marshall et al., 1996; Bentley et al., 2000) .
The other mechanism affecting the ploidy of chromosomes might be centrosomal amplification, a state when a cell posseses heightened number of centrosomes (Levine et al., 2017) . If the number of centrioles constituting centrosomes is unequal, this leads to preferential segregation of most chromosomes toward the pole with more centrioles (Bonatti et al., 2005; Cosenza et al., 2017) . This would cause segregation of multiple chromosomes towards the preferred nucleus (Kisin et al., 2011) . Other mechanism by which insecticides could impair chromosome segregation is topoisomerase II, an enzyme demonstrated to be necessary for the proper separation of sister chromatids during mitosis, with both nondisjunction and breakage occurring in its absence (Olaharski et al., 2005) . The Tables V-VII show that chromosome loss was present in higher frequencies than chromosome gain for each of four chromosomes considered, regardless to pesticide used for the treatment. When comparing results across different FISH studies of chromosome missegregation, a note should be taken regarding characterization of one of the scored groups as "loss+gain" group (Tables V-VII) . Basic for doing it this way lies in the fact that binucleate lymphocytes were scored for missegregation. If regular segregation occurs number of autosomes would be 2n, and gonosomes n in each of the daughter cell. However, if missegregation of one chromosome took place, gain+loss would indicate that one daughter cell was 3n or 4n and the other 0n or 1n in case of autosomes. In case of gonosomes gain+loss would indicate that one cell is 2n and 0n regarding the gonosome of concern. Thus, it designates situation in which one of binuclate cells bears a surplus and the other corresponding dauther cell is deficient in the number of those chromosomes. However, these observations were rare in the negative controls and were not significantly affected by the treatment. Therefore, these results did not relevantly contribute contribute to changes in ploidy.
As expected, the frequency of chromosome losses we determined for chromosome X. Same was reported by Carere et al. (1999) , who tested cytokinesis-blocked peripheral blood lymphocytes from 24 male subjects against the frequency of loss of battery of chromosomes. A positive correlation of MN formation with ageing was documented by Fenech and Morley (1985) , and FISH techniques using sex chromosome-specific probes soon after that demonstrated a significant increase in the frequency of X chromosome positive MN in female lymphocytes treated with colcemid (Richard et al., 1994) or cytochalasin-B (Hando et al., 1994) with the age of donor. In our study, we observed micronucleation of X chromosome more frequently in treated lymphocytes compared to negative cotrols (data not presented). Literature data indicate age-related increase in Y chromosome-positive MN in males either (Nath et al., 1995) . MN, although they may bear chromosomes in whole, are not fully functional.
Based on the present results of misseggregation of different chromosomes it may be suggested that exposure even to low levels of insecticides which are relevant for real scenario exposure might contribute to hindered genome balance via inducing aneuploidy in one or both daughter cells. Preferent mechanism involved in these actions is sister chromathid coupling which does not give a rise to MN formation. As the result of it active substances chloryprifos, imidacloprid and α-cypermethrin induce chromosome 9, 18, X and Y losses and their missegregation in human peripheral blood lymphocytes. Since aneuploidy is implicated in cancer and tumorigenesis, exposure to these substances might potentially increase cancer risk. These results will prove useful in future exposure risk assesments of these insecticidal substances and will contribute to overall understanding of toxic effects of these substances. Further research should focus on cytoskeletal examinations to determine the exact mechanism of these effects.
ΑCKNOWLEDGMENT
This work has been supported by Croatian Science Foundation under project number 8366.
AUTHOR CONTRIBUTIONS
D.Z. primarily designed the study, is the principal investigator on the project the study is part of, corrected and amended the manuscript. V.M. and S.R. carried out various aspects of the experiment. V.M. carried out the majority of the FISH slide preparation, analysis, and statistical analysis of data, primarily wrote the manuscript and prepared data and figures with significant input from all authors.
Environmental and Molecular Mutagenesis. DOI 10.1002/em
